Abstract. EISCAT observations of the interplanetary scintillation of a single source were made over an extended period of time, during which the orientation of the baselines between the two observing sites changed signi®cantly. Assuming that maximum correlation between the scintillations observed at the two sites occurs when the projected baseline is parallel to the direction of plasma¯ow, this technique can be used to make a unique determination of the direction of the solar wind. In the past it has usually been assumed that the plasmā ow is radial, but measurements of eleven sources using this technique have indicated conclusively that in at least six cases observed at mid or high heliocentric latitude there is a signi®cant non-radial component directed in four cases towards the heliocentric equator and in two cases towards the pole.
Introduction
For many years observations of interplanetary scintillation (IPS) ± the¯uctuation in radio power received from a compact radio source when the line of sight passes close to the Sun ± have been used to calculate the velocity of the solar wind (e.g. Dennison and Hewish, 1967) . The cross-correlation function between the scintillations recorded by two spaced antennas can be compared with a theoretical function which models weak scattering along the line of sight by irregularities which are carried outward by the solar wind (Armstrong and Coles, 1972) . Such measurements can be made at all heliocentric latitudes and over a wide range of distances from the Sun, from inside 10 solar radii to beyond the Earth's orbit. However, as the method requires weak scattering, in order to cover the whole range of solar distances it is necessary to use a corresponding range of observing frequencies, with measurements closer to the Sun requiring higher frequencies.
The correlation between the scintillations in the signals received by two antennas is highest when the baseline between the two antennas lies in the same plane as the¯ow of the solar wind. On the assumption that this¯ow is close to radial, the optimum time for measuring solar wind velocity occurs when the ray paths from the source to the two antennas lie in the same radial plane, and because the orientation of the baseline varies as the Earth rotates (see Fig. 1 ) EISCAT observations are normally scheduled for only 15 min centred at this optimum time. However, from 1994 onwards a number of these observations have been extended for periods of up to 2 h in order to check whether maximum correlation did indeed occur when the baseline was parallel to the radial plane (Breen et al., 1996a, b) Some o-radial¯ow in the solar wind has been predicted theoretically in association with transient events and corotating interaction regions (CIRs) (Pizzo, 1978 (Pizzo, , 1980 (Pizzo, , 1982 , and in situ data taken by the Helios, Voyager and Pioneer spacecraft have been analysed to investigate both azimuthal and meridional¯ow (Alexander and De La Torre, 1995; Pizzo et al., 1983; Marsh and Richter, 1984; Bala and Prabhakaran Nayar, 1993; Richardson and Paularena, 1996) . This work, however, was mainly concerned with o-radial components in thē ow of the solar wind close to the ecliptic plane. Multiantenna IPS has also been used in an attempt to measure solar wind direction close to the Sun (e.g. Armstrong et al., 1986) .
The purpose of the EISCAT IPS experiment was to measure the¯ow direction with the highest attainable accuracy at mid or high latitudes for solar distances between 30 and 100 solar radii (Breen et al., 1996a, b; Moran et al., 1996) . In reporting the initial results from the EISCAT IPS experiment Breen et al. (1996a, b) had suggested the possibility of measuring o-radial¯ow and presented some preliminary examples. The present paper gives the results of a careful analysis of eleven extended observations which show that at least in some cases there is a systematic meridional component in thē ow of the solar wind, usually directed from the pole to the equator. Figure 2 shows how the maximum of the cross-correlation function varies with the projected baseline perpendicular to the radial direction for one of the extended observations. Each point corresponds to 10 min of observation. A small correction is made to the perpendicular baseline to allow for the movement of the Earth around the Sun during the time-lag at which maximum cross-correlation occurs (in the case of EISCAT typically 0.2 to 0.5 s). This adjustment reduces or increases the value of the perpendicular baseline for each data point, and depends on the heliocentric latitude and solar distance of the observation. In the eleven cases detailed in this paper, the correction ranges from 2.2 to 13.6 km.
Observations and analysis
To allow for changes in the parallel baseline at the same time as the changes in the perpendicular baseline, the correlation values were also corrected for the variation of peak correlation with parallel baseline. To make this correction, it is necessary to know how the maximum cross-correlation varies with parallel baseline Fig. 1 . The orientation of the baseline between the two antennas in relation to the radial plane through the centre of the Sun, which varies as the Earth rotates about its axis Fig. 2 . The maximum correlation coecient for dierent values of b^, the perpendicular baseline. Each point represents the analysis of 10 min observation. The Gaussian curve ®tted to these points has a peak value for b^$0.5 km and the standard error in each point r 10 =0.022 (after allowing for the loss of 3 degrees of freedom in ®tting) when the perpendicular baseline is ®xed. Data were taken from the whole set of normal 15-min observations, selecting cases where the perpendicular baseline was close to zero, where the observations were of very high quality, and where fast streams accounted for at least 85% of the total scintillation. After applying these selection criteria, 31 data points were obtained. Figure 3 plots these values, showing how the maximum correlation observed C varied with the parallel baseline b k . Various curves were ®tted to these data and a v 2 test was applied in each case. The results showed that the most appropriate simple curve to represent the data was a Gaussian of the form:
If ln(C) is plotted against b k 2 and a weighted regression used to ®t the best straight line to the data, the intercept of the line is an indication of ln (a) and the slope of the line an indication of 2r k
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, giving values of a = 0.91 0.03 and r k = 285 30 km. (This work will be discussed in more detail in a later paper dealing with the scale-size of the IPS diraction pattern).
After correcting the initial data for the movement of the Earth and for changes in b k , the ®nal values of maximum correlation coecient were plotted as a function of b^and a least-squares method was used to ®t a Gaussian curve to the points, as shown in Fig. 2 . A curve that included skew and kurtosis as extra parameters was also ®tted, and as measured by thè raw' rms deviation this curve was a slightly better ®t in each case although the improvement was always small. (For example the coecient for the skew term was never greater than 3´10
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, suggesting that skewness could be ignored). When allowance was made for the loss of one or two more degrees of freedom, it was clear that a simple Gaussian was the most appropriate ®tted curve. Figure 2 shows that the peak of the best-®tting Gaussian curve corresponded to a perpendicular baseline slightly oset from zero, nominally indicating that the¯ow of the solar wind was o-radial. However, with such a small oset from zero, it is necessary to consider whether this oset is signi®cant or whether it is the combined result of random errors in the dierent measurements involved.
There are two sources of error to be considered:
1. uncertainty in the correction for changes in the parallel baseline during the 2 h of observation; 2. random noise errors in the original data.
The uncertainty in the correction for parallel baseline re¯ects the uncertainty in the parameters of the ®tted Gaussian curve shown in Fig. 3 . Of course this error only applies to the adjustment for changes in b k which, for the eleven observations reported in this study, is never more than 16% of the raw value. The dependency of this error on the deviation in parallel baseline means that the errors are greatest away from the centre of an observation. For a plot similar to Fig. 2 , during which b k varies signi®cantly, the total error in individual values of C(b^) as a result of this correction can be as large as 0.02 for the largest (or smallest) values of b k .
The eect of this uncertainty in r k does depend on whether it introduces a random variance in each individual measurement, which should then be added to the variance due to noise, or whether it introduces a systematic error into the whole set of observations. If for example b k is decreasing throughout the observations then in the ®rst half of the observations the measured value of maximum correlation must be increased and in the second half decreased to allow for the change. However, if r k has been overestimated, then the corrected values will be too low on one side of the plot and too high on the other and there will be a systematic error in the measured oset. Such a systematic error has a more serious eect on the ®nal result than the equivalent random errors, so in making a conservative estimate of the signi®cance of any measured oset it is assumed that the error is systematic, and the variance in the measured oset due to this is added to the variance due to the noise errors.
In some cases, however, the correction for changes in the parallel baseline is very small, and in such cases the noise errors in the observations themselves prove to be the limiting factor. To determine these random errors a careful study was made of two extended observations where the parallel baseline remained almost constant for the whole of the run. An estimate of the noise error in the correlation coecient determined from each 10 min of observation can be derived from the rms deviation of the nine observed points y o,i from the ®tted Gaussian curve y f,i , allowing for the three degrees of freedom spent in ®tting the mean value, the amplitude and the width of the Gaussian curve r 10 9 1 y oYi À y f Yi 2 6 s 1 Fig. 3 . The fall in maximum correlation coecient as the parallel baseline increases. In this ®gure only high-latitude observations in which the fast-stream was >85% dominant are shown. A Gaussian curve is ®tted which gave the best least-squares ®t out of a straight line, and exponential decay curve and a Gaussian curve
In this case the calculation gives r 10 = 0.022. To check this value, the same raw data was reanalysed, but on this occasion each correlation function was based on only 5 min of data. A new Gaussian curve was ®tted, as shown in Fig. 4 , and the random noise error derived from the rms deviation of 18 points from the ®tted Gaussian, once again allowing for the three degrees of freedom spent in ®tting.
In this case r 5 = 0.029. With only half the information being used for each point it is expected that the spread about the ®tted curve would be greater, and if the errors are truly random, the rms deviation from each point on the curve corresponding to 5 min of observation should be approximately Ö2 greater than the deviation of the points derived after 10 min of observation, i.e. r 5 % 1.4r 10 . In fact r 5 = 1.3r 10 . This (and other similar results) is considered to be adequate con®rmation that the deviation of each point from the best-®tting Gaussian curve is indeed due to random noise, and r 10 is assumed to be the random error in each point in Fig. 2 .
To determine the overall eect of these noise errors on the measured oset a Monte Carlo method was used to add simulated random noise errors, with an rms value of r 10 , to nine points y f,i spaced equally along the ®tted Gaussian curve, thus generating a set of simulated points with the same level of noise errors as the real data. The least-squares method is used to ®t a new Gaussian curve to the simulated data and so determine a new value for the oset. This procedure is repeated 1000 times and the dierent values of the oset obtained are used to determine the likely error in the measured oset and hence the signi®cance level of the result.
Results
Each Monte Carlo analysis provides the probability distribution of the true oset in the perpendicular baseline for maximum correlation, which is assumed to correspond to the direction of solar-wind¯ow. It is then possible to calculate statistically the likelihood that the observed peak in the ®tted curve is oset from zero by chance. Figure 5 shows two examples where the data indicate an o-radial component of velocity and the results are signi®cant at 1% and 5%, respectively. In other words, the chance that the apparent o-radial component was caused by random noise errors is less than 1% and 5%.
So far the data from eleven extended observations have been analysed, and the results are detailed in Table 1 . Nominally, eight of these show an O-radial component directed towards the equator and three a component directed towards the pole. However, when Fig. 4 . The maximum correlation coecient for dierent values of the perpendicular baseline. Each point represents the analysis of 5 min observation. The Gaussian curve ®tted to these points has a peak value for b^$0.5 km (as in Fig. 2 ) but in this case the standard error in each point r 5 =0.029 (the ratio r 5 :r 10 is very close to Ö2 so there is no evidence that the errors are other than random) Fig. 5 . Two examples where a Gaussian curve is ®tted to the histogram of uncertainty generated by the Monte Carlo method. In the ®rst case the parallel baseline was constant throughout the observations so there was no baseline correction. In the second case the uncertainty was greater due to the uncertainty in baseline correction. The oset is signi®cant as 1% and 5% respectively. the signi®cance of each measured oset is considered, only six cases are signi®cant at 10% or less, of which four are signi®cant at 1% or less. In four of these six cases, the apparent meridional¯ow is directed from the pole towards the equator, but in two cases the apparent oset is directed towards the pole.
Discussion
This method measures the apparent direction of solarwind velocity in a plane perpendicular to the line of sight. This direction can then be resolved into two components, one in the radial direction and the other close to the meridional direction, but care must be taken before interpreting these components in terms of the true radial and meridional components. Scattering occurs along the whole line of sight and although the scattering potential per unit volume falls o with solar distance as R
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, so that the most important contribution comes from that sector of the ray path closest to the Sun, the analysis cannot ignore scattering at greater solar distances. The contribution of scattering from all points along the line of sight to the apparent radial component of velocity will be reduced by a`cos h' factor, known as the foreshortening eect. At the same time, the apparent meridional component may also contain a small contribution from any azimuthal velocity, where meridional and azimuthal components are de®ned using spherical co-ordinates in a heliocentric system. However, geometry dictates that the contribution of any azimuthal component of the solar-wind velocity to the observed o-radial¯ow will be very small. Thus calculation shows that for a heliocentric latitude of 30 degrees, the fraction of any azimuthal velocity contributing to the apparent meridional component will range from 2% at 20 solar radii to 0.6% at 80 solar radii. In contrast, at the same solar distances the fraction of any true meridional¯ow contributing to the apparent meridional component will lie between 98% and 97%. A similar pattern is calculated for the contribution of azimuthal velocity when the scintillating source is observed at a latitude of 60 degrees, ranging from 2% at 20 solar radii to 0.5% at 80 solar radii. In this case the proportion of the meridional velocity observed at the same distances ranges from 89% to 86%.
Conclusion
A method has been developed to make accurate measurements of any non-radial components of the solar-wind¯ow in the meridional plane. For sources with a strong scintillating component, the noise errors are relatively small and if such sources are observed in a con®guration where b k is almost constant throughout the period of observation, while b^changes from strongly positive to strongly negative, it is possible to measure the o-radial component with sucient accuracy to demonstrate conclusively whether there is a meridional component of solar wind velocity directed from the pole towards the equator or vice versa.
It is well known that in the azimuthal plane, as a result of solar rotation, the plasma moves radially outwards while the magnetic ®eld has a spiral con®gu-ration, but in the meridional plane this does not apply and the direction of the magnetic ®eld is parallel to the direction of plasma¯ow. As the o-radial velocity measured by this method is almost entirely in the meridional plane it follows that the results presented indicate the direction of the large-scale magnetic ®eld of the Sun, averaged over the whole line of sight. For four of the six cases where the measurement is signi®cant at 10% or less the o-radial velocity is directed from the pole towards the equator, suggesting a dipolar magnetic ®eld, but in the other cases the oset is towards the pole. This is the ®rst time that directional measurements of this accuracy have been made at high heliocentric latitude and at distances between 30 and 100 solar radii. Non-radial¯ow is expected near the fast-stream/slowstream interface of a co-rotating interaction regions (CIRs), the development of which becomes important at distances beyond 1 AU, and in the vicinity of coronal mass ejections (CMEs). However in all the cases reported in the present paper only a fast stream is observed along the whole line of sight and there is no evidence of any CIRs or CMEs. It follows that for the solar distances and latitudes at which these observations are made it is likely that the non-meridional¯ow can be associated with magnetic and pressure imbalances between high and low latitudes.
At present, the two limiting factors in these measurements are the uncertainty in the correction for parallel baseline and the high level of system noise, especially for observations made at Tromsù. In future the eect of both factors can be reduced signi®cantly.
To reduce the uncertainty in the correction for b k two avenues will be followed. First, care will be taken to identify all cases where a source can be observed by two antennas for 2 h with almost constant b k , or at least with b k varying symmetrically about the time when b^is zero. In addition more observations will be used to study the way that maximum correlation falls as b k increases, as shown in Fig. 3 . In this way it will be possible to identify how this relationship varies with sunspot cycle, solar distance, heliocentric latitude, and between fast and slow streams in the solar wind and as a result to derive a more reliable correction algorithm.
The noise errors in the present observations largely correspond to the high system noise of the receiving system at Tromsù. Because of the need to protect the receiver at Tromsù from the transmitted signal when the antenna is being used as part of an active radar, the system noise at this station will always be higher than at Kiruna and SodankylaÈ . Thus between 1994 and 1997 the system noise temperature at Tromsù for observations near the zenith was about 105 K while at the other two stations it was about 35 K. However, with the introduction of cooled GaAsFET preampli®ers and an improved`receiver-protect' component and the removal of a redundant amplitude-hybrid from the antenna feed, the system noise temperature at Tromsù could be reduced to 70 K or even less, resulting in an equivalent reduction in the noise errors. Funds have now been provided by PPARC in the UK and MPI fuÈ r Aeronomie in Germany to make this improvement.
With a marked improvement in the error-level at Tromsù it will become worthwhile to improve the system noise level at Kiruna and SodankylaÈ . At present only one polarisation channel is available at each of these stations and re-activation of the orthogonal channel will double the information¯ow ± and reduce the rms noise level by a factor of 0.71 ± in each case.
Once all these possibilities are realised this method will be used regularly to`map' the direction of the solar wind¯ow and the associated magnetic ®eld at solar distances and heliocentric latitudes which are normally inaccessible in any other way. The interpretation of the results in terms of the pressure balance and magnetic ®eld direction throughout the heliosphere will be the subject of a later paper.
